Researchers spend a great deal of time reading research papers. Keshav (2012) provides a three-pass method to researchers to improve their reading skills. This article extends Keshav's method for reading a research compendium. Research compendia are an increasingly used form of publication, which packages not only the research paper's text and figures, but also all data and software for better reproducibility. We introduce the existing conventions for research compendia and suggest how to utilise their shared properties in a structured reading process. Unlike the original, this article is not build upon a long history but intends to provide guidance at the outset of an emerging practice.
Introduction

Motivation
Research compendia are an increasingly used form of publication and scholarly communication. They comprise not only the research paper's text and figures, but also all data and software used to conduct the computational workflow and create all outputs. They provide a lot of added value by revealing more of the research process to readers, but, if not done well, they can increase the difficulty of understanding the research. To help readers better understand how to read a research compendium, we extends Keshav's three-pass method targeted at improving skills for reading a research paper (Keshav 2007) with additional steps relevant to a research compendium's content.
Unlike the first version of the original (Keshav 2007) , we cannot draw from a long history of experience, because until recently research compendia have been relatively rare. Our intention here is to provide guidance at the outset of an emerging practice to both readers and authors of research compendia to help them understand each others' perspectives and needs and improve their communication. Authors can use this guide to improve their research compendium's structure and content by better anticipating their readers' needs. They should not be held back by unwarranted concerns, like providing support (Barnes 2010) . Readers can avoid the trap of falling too deep into technological challenges by an iterative approach to reading and using that gives attention to the scientific issues. Ultimately research compendia can enhance and deepen the reading experience, if done right. Keshav's following introduction applies directly to research compendia:
Researchers must read papers for several reasons: to review them for a conference or a class, to keep current in their field, or for a literature survey of a new field. A typical researcher will likely spend hundreds of hours every year reading papers.
Learning to efficiently read a paper is a critical but rarely taught skill. Beginning graduate students, therefore, must learn on their own using trial and error. Students waste much effort in the process and are frequently driven to frustration. 's-eye-view (Keshav 2016) The additions made in this work to accommodate for the content in a research compendium are quite extensive. This stems from the complexity that an interactive compendium has compared to a classic static "paper", because a research compendium goes well beyond the "mere advertising of the scholarship" (Claerbout 1994) . We see the breadth of additions as a sign of potential, namely for unprecedented transparency, openness, and collaboration.
For many years I have used a simple 'threepass' approach to prevent me from drowning in the details of a paper before getting a bird
Structure
In the remainder of this paper, the excellent original work is taken over completely. It is set in italic font based on the most recent online version: Keshav (2016) . The term "paper" was not replaced with "research compendium" for better readability.
First we briefly introduce research compendia and existing conventions. We further list relevant resources for authors related to research compendia. Then, matching the original paper's section numbering, Sections 2 extends the "Three-pass Approach" to include research compendium features in the reading process. Section 3 extends "Doing a Literature Survey" with aspects relevant reviewing many research compendia.
Research compendia
The term research compendium was coined by Gentleman and Lang (2007) who "introduce[d] the concept of a compendium as both a container for the different elements that make up the document and its computations (i.e. text, code, data,. . . ), and as a means for distributing, managing and updating the collection." According to Marwick, Boettiger, and Mullen (2018) it provides "a standard and easily recognisable way for organising the digital materials of a research project to enable other researchers to inspect, reproduce, and extend the research". This standard may differ between scientific domains, yet the intentions and benefits are the same. Research compendia are practised Open Science culture and as such improve transparency (Nosek et al. 2015) , "make more published research true" (Ioannidis 2014) , and enable enhanced review and publication workflows (Nüst et al. 2017) . They answer readers' needs to understand complex analyses through inspection and manipulation and enable other researchers to reproduce and extend the research (Marwick, Boettiger, and Mullen 2018) . Research compendia improve citations since code and data are openly available (Vandevalle 2012) . Ultimately, their goal is to improve reproducibility (see Barba (2018) for definitions of terms) in the light of claims of a "reproducibility crisis" in several fields. Infrastructures to support the creation, scientific publication, inspection, and collaboration based on research compendia are an active field of research, but none of which have been widely deployed yet (Nüst et al. (2017); Brinckman et al. (2018) ; Stodden, Miguez, and Seiler (2015) ; Kluyver et al. (2016) ; Green and Clyburne-Sherin (2018) ).
As this article is focused on providing hands-on guidance on using, and to some extend also creating, research compendia, we refer the reader to the references for more specific details. For the remainder of this work, we assume a minimal view of a research compendium suitable for readers who examine a research compendium directly. A research compendium has three integral parts: text, code, and data. Text can be instructions, software documentation, or a full manuscript with figures. Code can be scripts, software packages, specifications of dependencies and computational environments, or even virtual machines. Data can be just about anything, but probably comprises plain text or binary files that are used as input to the workflow, and produced as output from executing the workflow.
For authors, there is a wealth of generic recommendations guiding researchers in creating open research (software), for example Sandve et al. (2013) , Taschuk and Wilson (2017) , Prlić and Procter (2012) , Stodden and Miguez (2014) , and . When a research compendium is published, one can assume the authors have the intention to help the reader understanding the work and accepts there are "no excuses" to not publishing your code (Barnes 2010) . Authors may attempt to reach the ideals of having one "main" file that can be executed with "one-click" (Pebesma 2013) , of enabling re-use with proper licensing (Stodden 2009 ), and of interweaving code and text following the literate programming paradigm (Knuth 1984) .
The following conventions are specifically for research compendia: • Marwick, Boettiger, and Mullen (2018) and ROpenSci community's rrrpkg (https://github. com/ropensci/rrrpkg) discuss the standards and tooling of the R programming language and software engineering tools for a variety of disciplines with real-world examples, including several templates • Jimenez et al. (2017) Also ensure your code and data are properly deposited, citable and licensed. If you don't do this, these core parts of your work will likely never be properly evaluated or re-used. See the section "Research Compendia", above, for recommendations and further reading on how to make your reviewers' and readers' lives easier. If a best practice or established convention for structuring data and code was followed, familiarise yourself with it now.
The second pass
You should identify and challenge every assumption in every statement. Moreover, you should think about how you yourself would present a particular idea. This comparison of the actual with the virtual lends a sharp insight into the proof and presentation techniques in the paper and you can very likely add this to your repertoire of tools. (Keshav 2016)
Take a close look at data, metadata, source code including the embedded code comments, and further documentation. You now leave the realm of the mere software user to the developer's perspective. This can be a time consuming very close study of the materials. If data is not publicly available, e.g. because it contains information about human subjects, decide if you have a reasonable request to contact the original authors and ask for data access. Work though the examples and analysis scripts included in the research compendium. Play close attention not only to code, but also to code comments as they should include helpful information. A good entry point for your code read may be a "main" script (if provided by the author), makefile, or literate programming document (e.g. an R Markdown file or Jupyter Notebook). If neither of these are available, then start with the code creating the figures for the article (e.g. look for "plot" statements in the code) and trace your way back through the code until you reach a statement where the input data is read. Your impression of the code can help to inform your impression of the article's quality.
If you did not succeed before but the work is relevant for you, spend more time on getting the analysis to run on your computer. Do not hesitate to contact the authors of the paper or authors of the software for help, but follow common error reporting guidelines (e.g. Stack Overflow (2018) or Tatham (n.d.) ). For authors it is a great experience to be contacted by an interested and respectful reader! With regard to the analysis, you may re-implement core parts or the full workflow with a different software. For example, using a tool you know but which was not used in the research compendium. Does your code lead to the same results, or does it give different ones? Can the differences be explained or are they not significant? Note that such a replication is of very high value for science and you should share your findings with the research compendium's authors and also with the scientific community. Depending on the efforts you put in, write a blog post or even publish a replication research compendium for one or more evaluated research compendia.
If a full replication is not feasible, explore the assumptions you challenge with data and code. Play around with input parameters to get a feel for the changing results. Create exploratory plots for the data as if you would want to analyse it from scratch, without the knowledge of the existing workflow. With your understanding of the code you can extend the method to a new problem or apply it to a different dataset. This deep evaluation of code and data increases your understanding of the authors' reasoning and decisions, and may lead to new questions.
To make sure you can trace your own hands-on changes with the original code and configuration. We recommend initiating a local git repository when starting this pass. You can create branches for specific explorations and easily reset to the original functional state. (Keshav 2016) No search capability comparable to scientific articles exists for research compendia, though you can of course use generic and academic search engines. More and more journals encourage reproducible research and software and data publication, so that extending your search regular search with keywords such as "reproduction", "reproducible", "open data/software/code" may improve your results.
In addition, you can search online platforms where research compendia have been published and tagged as a research compendium (research-compendium):
• GitHub label: https://github.com/topics/ research-compendium • Zenodo community:
https://zenodo.org/ communities/research-compendium There is no journal specifically for research compendia yet, but the following ones feature reproducibility, computational studies, or openness in a prominent way and can be a starting point for finding research compendia, if they fit your topic: 
Related work
If you are reading a paper to do a review, you should also read Timothy Roscoe's paper on "Writing reviews for systems conferences" (Roscoe 2007 (Keshav 2016) We are working on an extended version of this matrix to provide space for notes about software, data, results of the reproduction, and application of the methods. See the corresponding repository issue for details and provide your feedback:
https://github.com/nuest/ how-to-read-a-research-compendium/issues/2 If you are reviewing a research compendium, a more detailed checklist is given in the "rOpenSci Analysis Best Pratice Guidelines" (rOpenSci 2017), which are partially even automated for R-based research compendia (DeCicco et al. 2018) , and the Journal of Open Research Software's guidelines for reviewing research software (JORS Editorial Team 2018).
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